On the other hand, the calculation of radiative net heating is generally regarded as a strong point of zonally averaged models, since it can be accurately calculated using a number of radiatively active gases. Therefore "tuning" of less well understood drag parameters in these models can, in principle, be accomplished by obtaining accurate simulations of wind and temperatures in the middle atmosphere in the presence of known distributions of radiatively active gases. When both correct drag and heating distributions are present in the model, a correct residual mean meridional circulation is guaranteed. This procedure is described by Summers et al. [1997] and Siskind et al. [1997] in the tropical lower stratosphere may be sensitive to numerous processes which are poorly or incompletely incorporated in 2-D models and as will be seen in this study, ascent rates through the lower stratosphere exert an important control on the age-of-air distribution in the middle atmosphere.
In this study we will present equilibrium distributions of age of air from a 2-D zonally averaged model of the atmosphere. We will use the NRL chemical/dynamical model [Bacmeister et al., 1995; Summers et al., 1997] to calculate the evolution of a fictitious long-lived tracer with a linearly increasing tropospheric mixing ratio. The mixing ratio of this tracer in the middle atmosphere will be used to obtain an equivalent age which should correspond to those obtained from long-lived trace gases such as SF6 or CO2. We will perform parallel age calculations using a tracer that is immune to horizontal mixing. Age from this "unmixed" tracer should resemble that which would be obtained from Lagrangian parcel calculations using the model residual circulation. There are two results from this study: (1) we demonstrate that 2-D models with parameterized planetary wave drag and mixing can obtain an approximately correct balance between upward advection in the tropics and horizontal mixing, and (2) we show that variations in prescribed heating of the tropical troposphere can lead to i to 2 year differences in the age of the model middle atmosphere. Point 2 is principally a modeling issue, since the tropospheric dynamics of a zonally averaged model of this kind are not realistic. Nevertheless, in exploring the sensitivity of the model to tropospheric heating we found that much of the middle atmosphere response to tropospheric heating variations was associated with small variations in the net heating of the tropical lower stratosphere. These variations in stratospheric net heating rates are within the uncertainties present in current radiative transfer calculations, due to, for example, the aerosol loading of the stratosphere.
The outline of this paper is as follows: In section 2 we briefly describe the formulation of the NRL 2-D model. We also describe the current state of model parameterizations for gravity wave drag, radiative transfer and other physical processes. In Section 3 we discuss results from several simulations. After presenting our baseline model climatology and age distribution in Sections 3.1 and 3.2, we will examine the impact of changing the planetary wave forcing (section 3.3) as well as the prescribed tropospheric heating (section 3.4) on model age-of-air. In section 4 we examine in more detail the response of the model meridional stream function to tropospheric heating parameters. Finally, in section 5 we summarize our results. where zonally averaged angular momentum density is given by
Description of Model and Numerical Experiments
A
• -•a cos(•) + f•a 2 cos2(0) (lc)
The numerical advection of M and 0 in (l a) and (lb)
is accomplished using the scheme described by Prather [1986] . This scheme is highly nondiffusive and nondispersive and compares well with analytical solutions of the advection equation [Prather, 1986; Rood, 1987 We now briefly describe each term in (2) and its current implementation in the model. 
Thermodynamic Forcing
The contributions to the thermodynamic forcing 7/in (lb) can also be broken down into those from a number The effects of changing the distribution and strength of this prescribed heating will be a particular focus of this study. We will use the basic distribution shown in Transport and vertical mixing in the model troposphere prevent the mean tropospheric mixing ratio of y or y* from possessing exactly the behavior specified by our choice of P. We integrate the model for 12 years and perform a linear fit to the equatorial mixing ratio of the age tracers at the model lower boundary. In practice, this low-level mixing ratio is a nearly linear function of time with a slope of around 5.9 units yr -•.
The result of the linear fit is then used to calculate the age at a particular time and location according to,
where y can be either the horizontally mixed tracer or the unmixed tracer y*. Depending on whether is used in (6) we refer either to a "mixed" age F or to an "unmixed" age F* for the model.
The mixed age F determined from (6) should be equivalent to age estimated from measurements of longlived tracers with time-dependent tropospheric sources, while the unmixed age F* should be close to estimates of age based on air-parcel travel times in a 2-D Lagrangian calculation such as that shown by [1995] . Some differences between F* and Lagrangian travel times could still arise due to vertical mixing and implicit numerical diffusion that may still affect the evolution of y*. However, for most of the stratosphere Kzz is small and numerical diffusion in our advection scheme is known to be small [ Prather, 1986 
•0=3 K d -• (experiment 1). (b) •0=2 K d -• (experiment 5). (c) •0=4 K d -• (experiment 6). (d) •0=3 K d -1 with additional stratospheric heat source (experiment 7). Note that Figures 4a
and 9a are identical. Table 2 Figure 15b ) is small, implying that any increase in thermal forcing going from experiments 1 to 6 is nearly balanced by increased w*, at least in the stratosphere. In contrast, the tropical stratosphere is 2-3 K warmer in experiment 7 than in experiment 1. This indicates that both increased IR cooling and increased w* occur when heat is added directly to the stratosphere. Despite the differences in stratospheric temperature profiles, the stratospheric circulations in experiments 6 and 7 are quite similar. Figures 9d and 10d show F and F* for experiment 7 after 11 model years. There are clear similarities between these and the F and F* distributions for experiment 6 (Figures 9c and 10c) , confirming that the restricted stratospheric heat source has an overall effect on the circulation equivalent to that of simply raising 7-/0. 
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Summary and Discussion
This study examined factors controlling age of air in a 2-D, zonally averaged model of the atmosphere. We examined age distributions derived from two tracers.
The forcing and evolution of both tracers were identical in each model simulation except that one tracer was affected by horizontal mixing while the other was not.
Comparisons of mixed age (r) and unmixed age (r*) in our simulations reveal qualitative as well as quantitative differences. In all of the simulations, r* was I to 2 years less than r in most of the middle atmosphere. The polar lower stratosphere was the only region of the atmosphere in which r* was larger than r. We found a systematic sensitivity of r* to the strength of prescribed tropical tropospheric heating in the model. As the peak strength of the prescribed heating increased from 2 K d -x to 4 K d -x, with fixed planetary wave forcing, the typical middle atmospheric value of r* decreased from around 2.5 to less than 1.7 years ( Figure  10 The sensitivity of r and I'* in our model to prescribed tropical tropospheric heating 7/o is due to vertical velocities in the tropical stratosphere, which exhibited a larger than expected senstivity to 7/0, while exhibiting little if any sensitivity to changes in planetary wave forcing amplitudes. Changes to 7/o can affect the global distribution of either drag or net heating, both of which could impact the meridional circulation. By decomposing the total residual stream function into separate components associated with drag X and net heating 7/, we showed that changes in the tropical vertical velocity are not forced by changes to the model planetary wave drag. We found that the total residual stream function above 25 km in the tropics was dominated by the contribution from the heating. Furthermore, even though hemispherically asymmetric planetary wave forcing was used, we found that the change to the residual stream function as 7/o varied remained relatively symmetric. These facts indicate that varying the prescribed tropospheric heating in our model alters tropical ascent primarily by an upward directed change to the net heating of the tropical lower stratosphere, rather than by an indirect, mechanically-forced path mediated by midlatitude drag.
The tropospheric response of our 2-D, zonally averaged model to changes in heating is severely limited by exclusion of baroclinic instability and explicit water vapor cycles. Therefore the sensitivity of I' to 7/o may be primarily a model tuning issue. However, we also found that r is sensitive to a small, directly imposed, stratospheric heat source. A small ~0.3 K d -x heat source confined to the tropical lower stratosphere (Figure lb Clearly, in the simulation just described, it is physically meaningful to speak of a primary residual circulation associated with momentum forcing and a secondary or reactive circulation associated with thermodynamic forcing/relaxation. For downward control to exist, the secondary circulation must be equal and opposite to the primary circulation in regions horizontally away from the steady momentum source. Thus the eventual magnitude of the secondary thermal circulation in these locations is completely determined by the circulation associated with the momentum forcing. Immediately below the imposed momentum forcing, the situation is more complicated, p•b• becomes more intense than p•b,•. Thus the total stream function below the imposed forcing winds up closer in magnitude and
